Abstract Evolutionary history of species, their geographic ranges, ecological ranges, genetic diversity, and resistance to pathogen infection, have been viewed as being mutually linked through a complex network of interactions. Previous studies have described simple correlations between pairs of these factors, while rarely separated the direct effects among multiple interacting factors. This study was to separate the effect of multiple interacting factors, to reveal the strength of the interactions among these factors, and to explore the mechanisms underlying the ecological and evolutionary processes shaping the geographic range, genetic diversity and fitness of species. I assembled comparative data on evolutionary history, geographic range, ecological range, genetic diversity, and resistance to pathogen infection for thirteen Banksia species from Australia. I used structural equation modelling to test multivariate hypotheses involving evolutionary history, geographic range, genetic diversity and fitness. Key results are: (1) Species with longer evolutionary times tend to occupy larger geographic ranges; (2) higher genetic diversity is directly associated with longer flowering duration in Banksia; and (3) species with higher genotypic diversity have higher level of resistance to infection caused by the pathogen Phytophthora cinnamomi, whereas heterozygosity has the opposite relationship with capacity of resistance to the infections caused by this pathogen. These results revealed a mutually linked and complex network of interactions among gene, species, environment and pathogen in evolutionary and ecological scales. These findings also have great practical significance and help to provide preemptive management options in pathogen control.
Introduction
Understanding the factors that best explain variation in geographic ranges among species is one of the central goals at the interface of ecology and evolution (Pigot et al. 2012 ). Research to date has emphasised the theory of temporal dispersal limitation, which predicts a positive relationship between species age and range size. The key prediction is the age-area hypothesis proposed by Willis (1922) : if species initially possess small population sizes and restricted geographic ranges, then many species with restricted geographic ranges could simply be young species. A similar prediction, the dispersal-assembly theory, is based on neutral theory in community ecology (Hubbell 2001) . A number of recent studies have shown that the relative geographic range of a species does appear to vary predictably with the evolutionary age of the species (e.g., Liow and Stenseth 2007) . Although such ''age-area'' correlations have been tested in a wide variety of groups, no single model of range evolution appears to apply across groups. Most likely, age-area correlations are clade specific and may depend on dispersal ability of a group (Webb and Gaston 2000) . The geographic range of a species is also assumed to be linked to the species' genetic diversity (Sexton et al. 2009 ). Species with narrow distributions tend to have a lower level of genetic diversity than their widespread congeners (e.g., He et al. 2000; Souza and Lovato 2010) . Adding to the complexity of these interactions, the levels of molecular genetic diversity reflect the evolutionary histories of populations and species. A high level of genotypic diversity for nuclear genes may reflect a long evolutionary history. For example, human populations in Africa typically have higher levels of genetic diversity (Tishkoff and Verrelli 2003) .
Genetic variation and fitness are linked (Szulkin et al. 2010) . Genetic heterozygosity is often assumed to co-vary positively with fitness, generating positive heterozygosityfitness correlations (Forsteimer et al. 2012) . Previous studies of the relationship between genetic polymorphism and the response to exposure to infectious disease have also predicted a negative correlation between the host's genetic diversity and the consequences of exposure to a pathogen (Radwan et al. 2010; Townsend et al. 2010) . A similar assumption made in conservation genetics is that there is a causal relationship between genetic variability and the evolutionary adaptability of a species (Allendorf et al. 1997) . However, the connections between neutral genetic diversity, fitness, and adaptability are not always straightforward, and such causal relationships between genetic variability and the evolutionary adaptability of a species have not always been consistent with empirical observations (e.g., He and Lamont 2010).
As indicated above, the evolutionary history of species, geographic ranges, ecological adaptability, genetic diversity, and resistance to pathogen infection have all been proposed and observed to be mutually linked by a complex network of interactions. Conventional bivariate correlations between any two of these factors have been reported in the literature, and strong correlations have been consistently reported. However, few attempts have been made to separate the direct effects occurring among multiple interacting factors, except for those in which one factor was manipulated (e.g., Crawford and Whitney 2010) . In this study, I used structural equation modelling (SEM) to test multivariate hypotheses involving evolutionary history, geographic ranges, ecological ranges, genetic diversity and fitness in Banksia, an iconic genus in Australian ecosystems. I aimed to separate the effects of multiple interacting factors, to reveal the strength of the interactions among these factors, and ultimately to explore the mechanisms shaping the ecological and evolutionary processes in this genus.
Materials and methods

Study taxa
Banksia is a genus of approximately 170 species in the plant family Proteaceae (Mast and Thiele 2007), and ranges from prostrate woody shrubs to trees up to 10 m tall. These plants are generally found in a wide variety of landscapes, including sclerophyll forest, (occasionally) rainforest, shrubland, and several additional arid landscape types . Banksia species are present throughout regions that supply suitable rainfall (annual rainfall [200 mm) and usually represent the most prominent taxonomic group in the extensive species-rich sandplain flora of southwestern Australia . Much of the current knowledge in ecology of Banksia concerns patterns of diversity (Cowling and Lamont 1998; Lamont et al. 2007; Merwin et al. 2012 ) rather than underlying ecological and evolutionary processes (He et al. 2011 ).
Banksia's proteoid root, which helps it to survive in low-nutrient soils, makes it highly susceptible to infection by Phytophthora cinnamomi. The disease caused by the plant pathogen P. cinnamomi has been identified as a key threat to biodiversity in the Australian environment (Environment Australia 2001) . Almost all (approximately 96 %) of the species of Proteaceae rated as priority taxa in Western Australia are susceptible to P. cinnamomi (Wills and Keighery 1994) . Of greater interest is the extent to which the capacity of particular species to resist this pathogen can be predicted.
Compilation of genetic data
Microsatellite genetic diversity (genotypic richness, N a , and expected heterozygosity, H E ) was determined for 13 Banksia species, species list was given in Table S1 in Electronic Supplementary Material (ESM). Genetic diversity data for B. attenuata, B. candolleana, B. ilicifolia and B. menziesii were generated for this study. Source data for genetic diversity in nine other species are given in Table S1 in ESM. Genetic data of widespread species were derived from multiple populations collected across its distribution range, and represented the overall genetic diversity of the species.
For B. attenuata, B. candolleana, B. ilicifolia and B. menziesii, at least 30 samples from each of ten populations were genotyped. The samples were collected from coastal sandplain habitats in Western Australia. Ten to eleven microsatellite primers were evaluated for each species. These microsatellite primers were specifically developed for the species. Primer information and the genotyping protocol for B. attenuata were as described by He et al. (2007) , and the corresponding information for B. candolleana is given in Merwin et al. (2010) . Microsatellite primers for B. ilicifolia and B. menziesii were developed following He et al. (2007) and Merwin et al. (2010) . Primer details and genotyping protocols are presented in Table S2 in ESM. Analyses of genetic diversity were implemented in GenAlEx (Peakall and Smouse 2006) for 30 samples per population. For the remaining nine species, the genotypic diversity (N a ) and heterozygosity (H E ) values were taken from the literature or previous study (Table S1 in ESM) but were re-calculated for the sample size of 30 per population using rarefaction analysis (Petit et al. 1998) to eliminate the effect of unequal sample sizes in the cross-species comparisons.
Compilation of evolutionary, ecological and geographic data
The evolutionary times of Banksia species were represented by the species ages reported in He et al. (2011) . The geographic range of a species was calculated as the area of its geographic distribution by drawing a box around the range, with the longest dimension parallel to the line between the two most distant points of the range (the distributions of all species were surveyed between 1984 , Taylor and Hopper 1991 .
The parameter termed ''ecological range'' includes the following four indices: (1) the soil type diversity, measured as the number of soil types occurring in a species' geographical range; (2) the vegetation type diversity, measured as the number of vegetation types in which a species occurs; (3) the landform diversity, measured as the number of major landforms in which a species occurs; and (4) the rainfall range, measured as the range of annual rainfall across the species' geographic range.
The life history and phenological parameter includes the following five indices: (1) post-fire regeneration (resprouting or killed by fire); (2) the growth form (tree, shrub, or both); (3) the pollinator diversity, measured as the number of major pollinator categories (birds, mammals, bees, other insects); (4) the flowering duration, measured as the number of months per year during which a species has open flowers; and (5) the growth duration, measured as the number of months during which a species grows new foliage. Data on the indices for the ecological range, life history and phenology represented variation across the species' range, and were extracted from the comprehensive Banksia Atlas (Taylor and Hopper 1991) and from The Banksia book (Collins et al. 2008) , The Dryandra book (Cavanagh and Pieroni 2006) and FloraBase (www.florabase.dec.wa.gov.au).
Banksia species show a wide spectrum of susceptibility to the fungal pathogen P. cinnamomi, ranging from full resistance to approximately 100 % death after inoculation with this pathogen (McCredie et al. 1985) . Data on resistance to P. cinnamomi infection were obtained from McCredie et al. (1985) and were calculated as ''1-mortality in 96 days after inoculation'' (the highest death rate occurs 35-40 days after inoculation, McCredie et al. 1985) . Banksia species from eastern Australia are generally resistant to P. cinnamomi under Western Australian field conditions, perhaps because certain Banksia species from eastern Australia are associated with different pathogen species P. citricola (Tynan et al. 1998) . For this reason, only resistance data for Western Australian Banksia (nine species) were used for the analysis.
Data analysis
Conventional bivariate correlation analyses (defined by correlations between pairs of variables) were first implemented between all pairwise parameters/indices. The SEM was then used to detect direct interaction between variables and to test the specific hypotheses proposed. The SEM aims to reveal the possible ecological and evolutionary processes governing the inter-correlated network. The advantage of SEM is allowing the researchers to specify the pathway in the model that represents a working hypothesis thought to reflect the essential casual mechanisms (Mitchell 1992; Grace et al. 2010) . The modelling process in SEM analysis is guided by a priori and theoretical knowledge and begins with a consideration of expected relationships based on the mechanisms thought to operate in the system. The conceptual SEM models of the expected multivariate relationship were built based on theoretically developed hypotheses.
Seven parameters for each species were considered in SEM models: (1) evolutionary time, (2) geographic range, (3) ecological range, (4) genotypic diversity, (5) genetic heterozygosity, (6) life history and phenotypic diversity, and (7) resistance to pathogen infection. Although the parameter of ''ecological range'' initially includes four indices (see Method: ''Compilation of evolutionary, ecological and geographic data''), only rainfall range was shown significantly being correlated with other parameter in bivariate correlation analysis. Therefore, rainfall range was introduced into SEM as surrogate for parameter of ''ecological range''. Likewise, flowering duration was used in SEM as surrogate for parameter of ''life history and phenotypic diversity''. The following hypotheses were tested:
H 1 : a longer evolutionary time allows a species to disperse over a larger geographic range.
H 2 : a longer evolutionary time allows the accumulation of greater genotypic diversity and increased heterozygosity.
H 3 : life history and phenotypic diversity are positively correlated with genotypic diversity.
H 4 : genetic diversity (both genotypic diversity and heterozygosity) is positively correlated with the ability to resist pathogen infection.
Two SEM models were built to maximize statistic power in a system with small number of observations (Fig. 1) . Model A included five parameters (resulting a ratio of observation to parameter of 2.6), and test hypothesis H 1 , H 2 and H 3 . Model B test H 4 with four parameters (resulting a ratio of observation to parameter of 3.2). Model estimation in SEM was based on Bayesian Markov Chain Monte Carlo (MCMC) procedure with a uniform prior distribution. Bayesian estimation derives a posterior estimation of standard regression weight that summarises the state of knowledge about the parameter, and offer good performance in models with small number of observations. The goodness of fit of the model to the data was evaluated with the model posterior predictive probability. A posterior predictive P value near 0.5 indicates a correct model (Gelman et al. 2004 ). In each Bayesian MCMC estimation, the first 500 generations were discarded, and 100,000 were retained in further analysis.
The conventional bivariates correlation analyses were implemented using SPSS (Statistical Package for the Social Sciences, SPSS Inc. Chicago) software, and P \ 0.05 was considered to indicate statistical significance. SEM was implemented with path analysis in SPSS AMOS (SPSS Inc. Chicago).
Results
Bivariate analysis
The evolutionary time of Banksia species was positively correlated with the geographic range of the species (P = 0.048), but not with the genotypic diversity (P = 0.104) ( Table 1) . Banksia species with larger geographic ranges tended to have higher levels of genotypic diversity (P = 0.026). Species occurring in areas spanning a larger range of annual rainfall were also found to have higher levels of genotypic diversity, though marginally significant (P = 0.050) ( Table 1) . Banksia species with longer flowering times also had higher levels of genotypic diversity (P = 0.012) ( Table 1) . A higher level of resistance to P. cinnamomi was found in Banksia species with higher levels of genetic diversity (P = 0.008 for N a , P = 0.082 for H E ). Banksia species with longer flowering durations were also more resistant to P. cinnamomi infection (P = 0.034). Moreover, Banksia species occurring in areas spanning a larger range of annual rainfall also tended to be more resistant to this pathogen, though the correlation was not significant (P = 0.062). Fig. 1 SEM analysis using Bayesian MCMC on two pre-determined models. The models represent the hypothesised path effects involving the evolutionary history of species, geographic ranges, ecological ranges, genetic diversity and resistance to Phytophthora cinnamomi infection. Models A and B were tested separately. In Model B, the parameter that has the most significant regression weight on genotypic diversity (as revealed in Model A) was used. 
Structural equation modelling results
Structural equation modelling analysis using Bayesian MCMC procedures revealed direct correlation in multiplefactor situations. Both models shown in Fig. 1 produced a good fit to the data with both posterior predictive P values = 0.5. SEM analysis revealed strong direct and positive correlation between evolutionary time and geographic range, confirming that Banksia with longer evolutionary times occupied larger geographic areas (Fig. 1) . Direct correlation between evolutionary time and genotypic diversity was moderate with standard regression weight of 0.192; while the direct influences of evolutionary time on rainfall range and flowering duration were non-existent. Geographic range and rainfall range had a weak to no direct correlation with genotypic diversity. Species with wider rainfall ranges was direct correlated to a larger geographic distribution with standard regression weight of 0.868 (Fig. 1) . Genotypic diversity in Banksia was significantly correlated with the flowering duration, and species with longer flowering duration tend to have a higher number of alleles in populations (Fig. 1) . Species heterozygosity was significantly correlated with genotypic diversity, while not with any other parameters. SEM analysis revealed that resistance to P. cinnamomi infection was directly correlated with genetic diversity. Direct correlation between genotypic diversity and the capacity to resist pathogen infection was significant with standard regression weight of 1.092. Surprisingly, Banksia species with more heterozygous genetic variation were more susceptible to P. cinnamomi infection, and the direct effect was strong with standard regression weight of -0.648 (Fig. 1) .
Discussion
A positive and direct correlation between evolutionary age and geographic range was found in Banksia, and the hypothesis H 1 (i.e., a longer evolutionary time allows species to disperse over a larger geographic range) is therefore supported. Evidence of a positive relationship between species age and range size has been found in a few taxon groups (e.g., Bohning-Gaese et al. 2006; Paul et al. 2009; Hopkins 2011) . A general pattern of an increase in range sizes immediately postspeciation followed by a subsequent decline towards extinction was not supported in Banksia. Most likely, Banksia species are relatively young (1-18 million Y, He et al. 2011) in terms of the average longevity for angiosperms (50 million Y, Crisp and Cook 2011) . Equally, the sample size (13 species) may be insufficient to reveal the full age-range curve. Range expansions are driven by dispersal. For this reason, variation in dispersal ability has been hypothesised to explain much of the variation in range sizes among species (Gaston 2003) . A general expectation is that species with superior dispersal abilities attain larger range sizes more rapidly (Brown et al. 1996) . However, a recent review suggests that dispersal ability may not be particularly important in driving variation in range size in many species (Lester et al. 2007 ), a principle that appears to hold for Banksia. Indeed, the seeds of B. hookeriana, a species with a relatively narrow distribution (1.2 9 10 3 km 2 ), were found to be as mobile as those of the most widely distributed species, B. attenuata (1.4 9 10 5 km 2 ). Similar rates and spatial scales of long-distance dispersal of seeds were found for B. hookeriana (long distance dispersal rate of 5-6 % with spatial scale up to 3 km; He et al. 2004 and for B. attenuata (rate of 6 % with spatial scale up to 3 km; He et al. 2009 ). Hence, the time available for dispersal may imply a central role in explaining range size variation.
The current analysis did not strongly support hypothesis H 2 , which asserted that longer evolutionary times cause the accumulation of higher levels of genotypic diversity and increases in heterozygosity in Banksia. The evidence clearly supported hypothesis H 3 (life history and phenotypic diversity, surrogated by flowering duration, are positively correlated with genotypic diversity). Co-occurring Banksia species usually have non-overlapping flowering periods (Lamont et al. 2003) , and flowering durations in Banksia species have been found to show greater variation between species than the duration of shoots extension (Taylor and Hopper 1991) . Flowering time is highly genotype-dependent (Pors and Werner 1989) . The ability to flower over a longer season is an important aspect of adaptation. Moreover, Banksia species are primarily pollinated by birds, including a wide range of honeyeaters (Meliphagidae) (Collins and Spice 1986) , and small mammals (Wooller and Wooller 2001) . It is probable that a longer flowering duration will serve to attract sufficient pollinators and facilitate extensive pollen flow, which could, in turn, promote greater genetic diversity by increasing the probability of dispersal and therefore preserve rare alleles.
Genotypically diverse Banksia species are more resistant to P. cinnamomi infection. The SEM analysis showed that the number of genotypes occurring in a species is closely related to the level of resistance to this pathogen in Western Australian Banksia species, supporting suggestions that the processes of selection associated with host and parasite dynamics are strongly dictated by host genetic variability (Teacher et al. 2009 ). The hypothesis H 4 (genetic diversity is positively correlated with the ability to resist pathogen infection in Banksia) is partially supported by the findings. When determining the resistance to P. cinnamomi, McCredie et al. (1985) used an isolate of P. cinnamomi in the inoculation. A genotypically diverse species may contain fewer individuals susceptible to the particular strain of pathogen used in the experiment. However, further researches are required to determine the actual genetic mechanisms involved. My results for Banksia support the assumption in the field of conservation genetics that there is a causal relationship between genetic variability and adaptability to a changing disease (Teacher et al. 2009 ).
Part of the hypothesis H 4 was not supported because my analysis showed that the ability of Banksia to resist P. cinnamomi infection was negatively correlated with the species' microsatellite heterozygosity. Although positive heterozygosity-fitness correlations have been reported for several plant and animal taxa (Grueber et al. 2008) , my result supports the notion that these positive correlations are not universal (Chapman et al. 2009; Olano-Marin et al. 2011) . The negative heterozygosity-fitness correlations could arise from outbreeding depression, either as the result of the breakdown of co-adapted gene complexes through recombination (Lynch and Walsh 1998) or through local adaptation (Szulkin and David 2011) . However, outbreeding depression is likely not the cause of the negative correlation between heterozygosity and pathogen resistance found in Banksia. Most species in the genus of Banksia are almost completely outcrossed with extensive inter-population gene flow (Barrett et al. 2005; Krauss et al. 2009 ), and recombination may be frequent. As a result, co-adapted gene complexes is likely uncommon. It is probable that the genes for P. cinnamomi resistance in Banksia are homozygous in resistant plants; that is, only plants homozygous for the resistance genes are able to resist infection. Homozygotes have been reported to be superior to heterozygotes in some studies (Lavie and Nevo 1986; Nevo et al. 1986 ). However, the actual biochemical mechanisms responsible for the greater resistance of homozygotes to the pathogen in Banksia remain to be determined.
Phytophthora cinnamomi has been of major concern in Australia with more than 1000 native plant taxa are known to be susceptible to infection by P. cinnamomi (Shearer et al. 2007) . The relationship between the presence of P. cinnamomi and the onset of disease is complex due to the considerable variability within and among native plant species in their responses to the presence of P. cinnamomi (Shearer et al. 2007 ). The analysis showed that Western Australian Banksia with longer flowering durations tend to be more resistant to P. cinnamomi infection, though this effect was mediated by genotypic diversity. This finding has great practical significance and helps to provide preemptive management options.
